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Summary
The hallmark of mycelial spore-forming bacteria of the genus Streptomyces is their
prolific production of antibiotics and other bioactive secondary metabolites as part of a
complex morphological and physiological developmental program. They are further
distinguished by a conjugation mechanism that differs substantially from the single-strand
mode of DNA transfer via Type IV secretion, which is exhibited by numerous unicellular
Gram-negative and Gram-positive bacteria. At the crux of the novel intermycelial transfer
event in Streptomyces spp. is a membrane pore composed of a single plasmid protein (TraB),
which also functions as an FtsK-like DNA pump driven by the energy of ATP hydrolysis.
TraB binds to specific 8-mer repeats within the non-coding clt plasmid transfer locus and the
DNA is then translocated intercellularly in double-strand form. TraB also translocates
chromosomal DNA most likely by binding to 8-mer clc sequences (clt-like chromosomal
sequences) distributed throughout streptomycete chromosomes. In the recipient, plasmids are
dispersed through septal crosswalls apparently by a multiprotein complex comprising TraB
and plasmid Spd proteins. Continued rounds of such intramycelial spreading distributes
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plasmids well beyond the initial entrance point during the time prior to cell differentiation
and sporulation.

Introduction
Streptomyces spp. are multicellular mycelial bacteria that predominantly dwell in soil
environments. Substrate mycelia, which consist of tangled and infrequently septated hyphae,
carry out primary metabolism, releasing powerful degradative enzymes that break down
insoluble polymers typically derived from decaying plant, animal and fungal tissues.
Nutrient limitation signals differentiation, both morphologically and physiologically
(McCormick and Flärdh, 2012). Aerial hyphae containing occasional septa emerge from
substrate hyphae, garnering remaining nutrients from the latter. Regularly spaced septa
eventually synchronously separate aerial hyphae into individual compartments, each
containing an individual genome and each destined to become a spore (Flärdh and Buttner,
2009). Along with aerial growth, release of secondary metabolites with antibiotic capability
from dying substrate mycelia kills or inhibits susceptible microbes competing for nutrients
(Chater, 2006). Streptomyces spp. produce the majority of naturally derived antibiotics, as
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well as a host of other bioactive secondary metabolites, currently in use in a variety of
medical, agricultural and other applications.
Streptomyces spp. contain relatively large prokaryotic genomes of high G + C base
content and structures atypical of prokaryotes. Chromosomes are naturally arranged as linear
molecules with telomeres consisting of terminal palindromic sequences and terminal protein
covalently attached at the 5΄ ends (Chen et al., 2002). There now exists complete or highquality draft sequences for a considerable number of species and strains. Bioinformatic
mining of Streptomyces genomes has revealed a wealth of information, with individual strains
typically containing up to 20 different gene clusters encoding pathways for production of
secondary metabolites (Bentley et al., 2002, Medema et al., 2011).
Contributing to the genetic complement are conjugative plasmids, which are numerous
and widespread throughout the genus. Both circular and linear replicons are common, as well
as actinomycete integrative and conjugative elements (AICEs) (Vogelmann et al., 2011b).
AICEs are typically integrated at the 3΄ ends of certain well-conserved genes. Upon mating,
AICEs excise and circularize, and the circularized intermediates replicate, transfer to the
recipient and re-integrate into the same chromosomal locus (te Poele et al., 2008). AICEs can
contribute to species diversity in substantial ways. For example, though plant pathogenicity
is a relatively rare trait in the Streptomyces genus, there is now evidence that emergence of
new plant pathogenic species is tied to the acquisition of mobile pathogenicity islands, which
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appear to be disseminated as AICEs (Huguet-Tapia et al., 2011, Chapleau et al., 2016, Zhang
et al., 2016, Zhang and Loria, 2017).
Conjugation of circular plasmids and AICEs in Streptomyces spp. is known to occur by a
novel mechanism involving interbacterial transfer of double-stranded DNA, the details of
which are now emerging. This minireview will summarize past and current research efforts
aimed at elucidating the mechanisms used by Streptomyces bacteria to conjugally transfer
DNA.

The pocking phenomenon
The recognition of plasmids as fertility factors that promote chromosomal gene
recombination in Streptomyces spp. was an important first step towards elucidation of the
conjugation process in these bacteria (Hopwood and Kieser, 1993). Plasmid transfer was
eventually related macroscopically to markings that developed when mixed populations of
excess recipient spores and infrequent donor spores were spread onto agar plates. As the
resulting mycelial lawn developed and continued its progression through the life cycle,
circular zones of cells altered in their growth became apparent (Fig. 1). This growth altered
phenotype was originally termed lethal zygosis based on its similarity to a phenotype seen for
Hfr matings in Escherichia coli (Bibb et al., 1977). Subsequently, the term ‘pock’ was
adopted to describe these circular regions (Bibb and Hopwood, 1981).
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Macroscopic examination of pocks revealed that they comprise a series of concentric
regions of growth and inhibition. Plasmids were found within the cells of each pock region,
including those located in the recipient lawn just adjacent to the outer discernible ring of the
pock. This result was consistent with the notion that the pocking phenotype was related to
plasmid transfer, rather than to release of a diffusible factor (Bibb and Hopwood, 1981).
Interestingly, the percentage of recombinant genotypes was remarkably high at the pock
centre, while no recombinants were found in the zones further out from the centre (i.e., only
the recipient genotype was observed in these regions) (Bibb and Hopwood, 1981). From this
analysis of pocks, it appeared likely that plasmid transfer had originated from a centrally
located donor and then continued outward in all directions for a finite period of time.
Moreover, it appeared that chromosomal DNA from the donor was also being mobilized to
recipients in the pock centre to allow for formation of recombinants. The pocking
phenomenon would prove invaluable as the genetic determinants of conjugation were
defined.

Indications of an unusual conjugation mechanism
Conjugative plasmids in unicellular Gram-negative and Gram-positive bacteria transfer via
the classical single strand mode using a Type IV secretion system (Grohmann et al., 2017).
Nicking of the single strand of plasmid DNA destined for transfer occurs at oriT by a
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plasmid-encoded relaxase enzyme, which remains covalently attached to the 5ʹ end during
transfer (de la Cruz et al., 2010). Once inside the recipient, relaxase re-circularizes and
releases the single strand, which then becomes double-stranded (de la Cruz et al., 2010).
Mobilization of chromosomal DNA by plasmids during conjugation has also been
demonstrated in various species (Holloway, 1979). In the case of F plasmid of E. coli,
chromosome transfer can occur by the same single strand mechanism once the plasmid has
become chromosomally integrated via recombination involving homologous IS elements
present on the plasmid and chromosome. Transfer of up to a unit length of single-stranded
DNA in the resulting Hfr strains can occur beginning at the now-integrated oriT (Holloway,
1979).
The isolation of Streptomyces circular plasmids in their covalently closed circular (CCC)
form led to additional characterization of their phenotypic and genotypic properties. Sizes of
plasmids ranged considerably from well over 100 kb to less than 10 kb and most plasmids,
even as small as 6 kb in size, were conjugative and capable of mobilizing chromosomal genes
during mating (Hopwood and Kieser, 1993). A variety of molecular analyses, including
insertion and deletion mutagenesis, subcloning and nucleotide sequencing, were used to
identify plasmid loci involved in conjugative transfer.
An interesting outcome of these studies was the demonstration that very few plasmidencoded functions are involved in the highly efficient transfer of plasmids and chromosomes
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in Streptomyces spp. The 8.8-kb broad-host-range Streptomyces plasmid pIJ101 was the first
to be investigated in detail for its transmission. Mutations that affected pIJ101 transmission
either eliminated pocking completely or instead reduced pock size several fold (Kieser et al.,
1982, Kendall and Cohen, 1987). Plasmid genes required for pocking were designated
transfer (tra, traSA, later traB) genes. The traB gene function was required not only for
pocking but also for plasmid transfer and chromosome mobilization; thus, it was presumed
that TraB proteins directed intermycelial transfer of DNA between donors and recipients
(Hopwood and Kieser, 1993, Grohmann et al., 2003).
Transmission genes not required for pocking per se but for normal pock size proved to be
dispensable for plasmid transfer between donors and recipients and for chromosome
mobilization. As such, it was hypothesized that these functions, termed spread (spd) genes,
encoded products that were involved in the intramycelial movement or spread of plasmids
throughout the infrequently septated recipient mycelium (Hopwood and Kieser, 1993,
Grohmann et al., 2003). Seemingly related to the pocking phenomenon was the finding that
unregulated expression of some transmission genes, especially traB, led to a cell killing (kil)
phenotype (Kendall and Cohen, 1987). To provide proper regulation, Streptomyces plasmids
also contain kor (for kil override) or traR genes, which encode transcriptional regulators that
control potentially lethal expression of traB and spd genes (Hopwood and Kieser, 1993,
Grohmann et al., 2003).
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When the korA gene-controlled traB locus of pIJ101 was inserted into the chromosome
of Streptomyces lividans, the resulting strain was capable of transferring chromosomal genes
at frequencies similar to pIJ101-containing donors (Pettis and Cohen, 1994). This
streptomycete version of an Hfr strain thus differed substantially from its counterparts in
unicellular bacteria since it basically required only the single additional plasmid-encoded
traB gene to manifest chromosome transfer. It was further determined that traB could only
promote efficient transfer of plasmids, including heterologous transfer-defective replicons, if
they contained an additional small non-coding pIJ101 locus. This function, designated clt
(for cis-acting locus of transfer), increased plasmid transfer, often by several orders of
magnitude, but was dispensable for chromosomal gene transfer (Pettis and Cohen, 1994).
Soon clt functions were also identified for other circular streptomycete plasmids (Grohmann
et al., 2003). A common feature of clt loci is the presence of a variable number of imperfect
8-bp direct repeat sequences (Franco et al., 2003, Vogelmann et al., 2011b). Potential
nicking of clt sequences by TraB of pIJ101 was examined in both the heterologous host E.
coli and in the native host S. lividans by incorporating a primer extension-based method used
previously to detect nicking at oriT of a Gram-negative plasmid; however, no evidence of
DNA processing at clt was observed, which raised the possibility that clt did not represent a
classical oriT function (Ducote et al., 2000, Ducote, 2004).
An additional clue regarding the Streptomyces conjugation mechanism soon emerged
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when homology searches determined that SpoIIIE and FtsK, two proteins from unicellular
bacteria which are involved in septal translocation of chromosomes, share extensive sequence
similarity within a limited region of TraB proteins from Streptomyces plasmids (Wu &
Errington, 1994, Begg et al., 1995). The region of closest similarity extended some 200
amino acids and included, but was not limited to, Walker A-type and B-type nucleotide
binding motifs. Given that SpoIIIE and FtsK are involved in movement of double-stranded
DNA molecules, albeit intracellularly, these homology findings were particularly intriguing.
Direct evidence for double-stranded DNA transfer in the streptomycetes was initially
provided via an elegant genetic experiment (Fig. 2). Possoz et al. (2001) expressed the SalI
restriction-modification (RM) system in an S. lividans strain, which was then used as a
recipient in matings. Since digestion by the SalI RM system is specific for double-stranded
DNA, any incoming unmodified double-stranded plasmid would be restricted, while
incoming single-stranded plasmid DNA would not be restricted but would instead become
hemimethylated, and thus protected, prior to becoming double stranded. They then
demonstrated that plasmid transfer from an E. coli donor to S. lividans (i.e., via a Type IV
secretion pathway) was unaffected by expression of SalI RM in the recipient, while transfer
between S. lividans strains was virtually eliminated when the recipient expressed SalI RM
(Possoz et al., 2001).
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TraB is a pore-forming protein
Initially, Streptomyces TraB plasmid proteins were localized to the cell membrane,
consistent with a role in DNA transfer (Kosono et al., 1996, Pettis and Cohen, 1996). Though
TraB homologs are quite diverse overall in sequence, their predicted secondary structures,
which resemble that of FtsK, are similar. There are N-terminal transmembrane helices,
followed by a DNA translocase domain, which includes the Walker A-type and B-type ATP
binding motifs. Towards the C terminus resides a winged-helix-turn-helix (wHTH) domain
where specific interaction with cognate clt sequences occurs (Vogelmann et al., 2011a).
ATPase activity for TraB has now been firmly established (Reuther et al., 2006), and this
result extended previous mutational analysis of the Walker A and B motifs of TraB, which
suggested a role for ATP-binding and subsequent hydrolysis in conjugation (Kosono et al.,
1996).
More precise localization of TraB in the cell membrane has been achieved through the
use of fluorescence microscopy. A TraB-eGFP fusion protein localized to the hyphal tips of
S. lividans, which initially suggested intermycelial transfer originates from this position of
donor mycelia (Reuther et al., 2006). However, Thoma et al. (2016) recently used more
sophisticated techniques involving a pIJ101 derivative expressing the egfp gene and a
recipient strain expressing mCherry (Thoma et al., 2016). An example of such fluorescentlylabeled donors, recipients and transconjugants during mating is presented in Fig. 3. As
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expected, donor mycelia appear green, while recipients are red. In the overlay of both
channels, transconjugant mycelia can range from orange (e.g., see mycelium delineated by
arrows in Fig. 3) to a greenish yellow, an occurrence that reflects the relative intensities of the
eGFP and mCherry signals for a given transconjugant mycelium or portion thereof.
Fluorescence data of matings involving these strains suggested DNA transfer occurred at the
lateral walls of hyphae, which meant that TraB must also be present at these locations;
moreover, there was no evidence of hyphal fusion events during conjugation to allow for
mixing of the cytoplasmic compartments of the mating pair (Thoma et al., 2016). Such
results are consistent with the notion of a pore or channel through which DNA is transferred
from one compartment to the other.
The concept of a TraB pore through which intermycelial DNA transfer could occur was
explored further by Muth and coworkers. This work was facilitated by overexpression and
purification of the TraB protein of Streptomyces venezuelae plasmid pSVH1 as a fusion
protein involving a Strep tagII motif (Reuther et al., 2006). Chemical crosslinking revealed
evidence of TraB oligomers and the molecular mass of TraB oligomers obtained from
analytical gel-sizing chromatography suggested that the protein forms hexamers. Images of
hexameric TraB obtained by electron microscopy revealed symmetric ring structures with a
central pore (Vogelmann et al., 2011a). These structures were reminiscent of those seen for
the translocase domain of FtsK. Using the crystal structure of the Pseudomonas aeruginosa

12

This article is protected by copyright. All rights reserved.

FtsK translocase domain as a guide, the structure of the corresponding TraB (pSVH1) region
was elucidated by computer modeling. The TraB structure obtained from this analysis
closely matched that seen by EM and a central pore of 3 nm in diameter was predicted
(Vogelmann et al., 2011a). A pore of this size would adequately support translocation of
double-stranded DNA.
Using planar lipid bilayers and associated single channel conductance measurements,
Vogelmann et al. (2011a) then demonstrated that TraB (pSVH1) could in fact spontaneously
insert into the membranes to form pores that affected changes in current flow. The ability to
form membrane pores by TraB proteins may be the basis for the lethal kil phenotype seen in
cells expressing unregulated traB, as well as the plasmid transmission-associated pocking
phenotype seen on agar plates.

Interaction between TraB and clt
Previous work suggested specificity between TraB and its cognate clt locus (Pettis and
Cohen, 1994) and a direct interaction between these two functions seemed plausible. As
judged by gel retardation assays, purified functional TraB (pSVH1) specifically interacted in
vitro with the non-coding clt region of pSVH1 contained on restriction fragments or
oligonucleotides (Reuther et al., 2006, Vogelmann et al., 2011a). It was further shown that,
among the various direct and inverted repeat sequences present at clt (pSVH1), a repeated 8-
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bp motif was critical for TraB binding (Vogelmann et al., 2011a). Moreover, by constructing
chimeric TraB proteins and studying their interaction with different clt loci in vitro,
Vogelmann et al. (2011a) further showed that TraB specificity for its cognate clt locus (i.e.,
for the 8-mer repeats within that locus) resides in helix α3 of the wHTH domain.
Various findings supported the hypothesis that clt was not a classical oriT function where
DNA processing occurs (Ducote et al., 2000, Possoz et al., 2001, Ducote, 2004, Ducote and
Pettis, 2006). This notion was tested further in vitro by Reuther et al. (2006), who incubated
purified TraB (pSVH1) with CCC pSVH1 plasmid in the presence of divalent cations.
Following incubation, TraB-clt interactions were abolished by various methods and the DNA
was viewed by gel electrophoresis. No change in conformation of the CCC plasmid was seen,
which further substantiated the assertion that TraB binds but does not nick clt (Reuther et al.,
2006, Thoma and Muth, 2012).
Since clt is dispensable for TraB-mediated chromosomal gene transfer, it was
plausible that Streptomyces chromosomes might encode their own clt-like sequences (Pettis
& Cohen, 1994). To identify such potential loci, a repetitive 8-bp motif reminiscent of the clt
binding sequence of TraB (pSVH1) was used to search for similar patterns in the
chromosome of Streptomyces coelicolor. A total of 25 loci were identified by this method
and two were verified to interact with TraB (pSVH1) in vitro (Vogelmann et al., 2011a).
Interestingly, most of these clt-like chromosomal sequences (i.e., clc sequences) were
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contained within coding regions. Similar numbers of clc sequences were found in the
genomes of other Streptomyces spp. and closely related relatives, but clc loci were not
evident in the genomes of less-related Actinobacteria such as Mycobacterium or
Corynebacterium spp. (Thoma and Muth, 2016). The occurrence of clc sequences in
Actinobacterial chromosomes seems to be correlated with the host range of Streptomyces-like
plasmids (Thoma and Muth, 2016).

Intramycelial spread in the recipient
Spreading within the recipient mycelium is likely the most novel aspect of plasmid
transmission in the streptomycetes. Hopwood and Kieser (1993) postulated that upon receipt,
plasmids would need to be distributed throughout the recipient and thus between
compartments that were already divided by septal crosswalls. Plasmid spreading within
recipient mycelia at considerable distances beyond the point of initial intermycelial contact
and presumed transfer was evident in fluorescent microscopic images of matings as seen in
Thoma et al. (2016) and Fig. 3.
Streptomyces conjugative plasmids typically encode several spd genes, which contribute
to intramycelial spreading and thus pock size. Spd proteins do not show sequence similarity
to functionally characterized proteins in other bacteria; moreover, most Spd proteins are not
even conserved among Streptomyces plasmids (Thoma & Muth, 2016). An exception is the
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conserved SpdB2 protein (Tiffert et al., 2007, Thoma and Muth, 2016). SpdB2 protein of
pSVH1 was shown to bind nonspecifically to double-stranded DNA and, in a separate
experiment, it co-purified with TraB, suggesting an interaction between the two (Tiffert et al.,
2007). Purified SpdB2 also formed unstable pores in planar lipid bilayers, which raised the
possibility that SpdB2 pore formation may be involved in intramycelial spreading through
recipient crosswalls. Chemical crosslinking and bacterial two-hybrid analyses revealed
complex interactions between the TraB and Spd components of plasmid pSVH1. These data
point to the existence of a multiprotein DNA translocation apparatus for plasmid spreading
(Thoma et al., 2015).
Experiments demonstrating interaction between TraB and Spd components extended
previous phenotypic observations for certain mutants of traB (pIJ101) (Pettis and Cohen,
2000) and traB (pSN22) (Kosono et al., 1996), which suggested a potential role in
intramycelial spreading for TraB proteins. Since Spd proteins do not possess domains typical
of molecular motor proteins, TraB seems to be the logical choice for the translocation
function which is likely needed for intercompartment plasmid spreading in the recipient.
Further proof of TraB involvement in intramycelial spread was provided by Thoma et al.
(2016), who demonstrated that KorA-regulated traB (pIJ101) inserted into the recipient (but
not the donor) chromosome, could increase pock size for a pIJ101 derivative lacking traB.
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Concluding remarks and summary
It has been nearly 50 years since the first report linking fertility in the streptomycetes to
the presence of plasmids. While much of the ensuing research, at least initially, focused on
the genetic aspects of Streptomyces conjugation, the mechanics of intermycelial transfer and
intramycelial spread are now being elucidated at the biochemical level in a series of insightful
papers by Müth and coworkers.
A model for the intermycelial transfer and intramycelial spread of circular plasmids
during Streptomyces conjugation is shown in Fig. 4. Upon contact at the lateral walls of
hyphae, expression of traB is induced, potentially in response to an unknown mating signal.
Meanwhile, the peptidoglycan layers of both the donor and recipient must be dissolved
locally with the assistance of a putative chromosomally-encoded peptidoglycan hydrolase(s).
TraB forms a hexameric membrane pore and it possibly also induces fusion of the donor and
recipient membranes (Thoma and Muth, 2012). TraB binds but does not process its cognate
plasmid, specifically interacting via its wHTH domain at 8-mer repeats within the plasmidborne clt locus. TraB then uses the energy of ATP hydrolysis to translocate the doublestranded plasmid molecule into the recipient. As it seems unlikely that the plasmid could
remain CCC during this process, it is possible that an additional chromosomal function (e.g.,
a topoisomerase) facilitates passage of the plasmid molecule through the TraB pore (Thoma
and Muth, 2012).

17

This article is protected by copyright. All rights reserved.

Once inside the recipient compartment and with de novo kor (traR) regulation not yet
established, traB and spd genes are induced, resulting in production of a multiprotein TraBSpd complex, which becomes integrated into existing crosswalls. TraB again provides the
translocase function to move the plasmid intercompartmentally, though the exact composition
of the channel across the septal crosswall remains to be determined. As with intermycelial
transfer, it can be hypothesized that recruitment of a peptidoglycan hydrolase may be
necessary for this intramycelial plasmid spread event. A caviat to this notion is the finding
that septa within very young mycelia have been shown to contain little or no peptidoglycan
(Yagüe et al. 2013); thus, it will be interesting to determine what effect, if any, differences in
septum structure in younger versus older substrate mycelia may have on plasmid spreading.
Additional rounds of intramycelial spread occur via the same mechanism as the plasmid
eventually populates more and more distal compartments within the recipient mycelium.
Based on the spatial distribution of plasmids within pock regions (Bibb and Hopwood, 1981),
it seems likely that the last rounds of plasmid spread are completed at about the time cell
differentiation commences. As aerial hyphae begin to emerge from plasmid-containing
portions of the recipient substrate mycelium, plasmid copies would get partitioned into these
nascent aerial structures and ultimately populate each of the sporulating aerial compartments.
Less is known regarding the transfer mechanism used by linear plasmids in the
streptomycetes. Mutational analysis of traB and spd homologs on S. lividans linear plasmid
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SLP2 supported roles for these functions in intermycelial transfer and intramycelial spread,
respectively (Hsu and Chen, 2010); thus some mechanistic details, such as intermycelial
transfer of double-stranded DNA through a TraB pore may be shared between circular and
linear replicons. However, Chen proposed an “end first” model for the transfer of linear
plasmids (Chen, 1996), and his group later demonstrated that such plasmids could mobilize
chromosomes during mating only when the latter were in their natural linear state and so not
when they had been artificially circularized with concomitant deletion of their telomeric ends
(Lee et al., 2011); in contrast, circular plasmids can mobilize chromosomes in either
configuration (Pettis and Cohen, 2000, Lee et al., 2011). Taken together, these data suggest a
potential functional role for telomeres (i.e., telomere sequences and/or terminal protein) in
conjugation of linear plasmids and in the ability of such plasmids to mobilize linear
chromosomes during mating.
In summary, the conjugation mechanism used by Streptomyces spp. is clearly distinct
from the classical single-strand DNA transfer mechanism exhibited by unicellular bacteria. It
therefore represents a separate paradigm for bacterial conjugation. The TraB translocase,
which has functional similarity to septal DNA translocators in unicellular bacteria, is simpler
than the complex multiprotein Type IV secretion apparatus and is yet a highly efficient
machine that directs intermycelial transfer of double-stranded plasmids and chromosomal
DNA across the lateral walls of donor and recipient hyphae during mating . A TraB-Spd
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protein complex in the crosswalls of the recipient then likely potentiates further
intercompartmental DNA transfer, as plasmid copies are spread considerable distances
beyond the initial intermycelial transfer junction during the time prior to cell differentiation.
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Figure legends

Fig. 1. Pock formation following mating of S. lividans strains on solid medium.
Dilutions of spores of donor strain TK64 containing the conjugative pIJ101 derivative pIJ303
or the non-conjugative derivative pIJ303∆Tra were streaked on the right and left side,
respectively, of an R5 agar plate that just prior to this had been seeded throughout with a
dense lawn of TK64-152 recipient spores. Plates were then incubated as described in order to
visualize pocks that resulted from conjugation of pIJ303 from the donor to recipient (Thoma
et al. 2016). Photograph is courtesy of Lina Thoma and Günther Muth.
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Fig. 2. Summary of the genetic proof demonstrating double-strand DNA transfer in
Streptomyces spp. Depicted is a summary of the experiment performed by Possoz et al.
(2001). (A) Mating between S. lividans donor and recipient strains in which the recipient is
expressing the SalI RM system. The incoming plasmid in double-stranded form is
susceptible to immediate cleavage by the SalI restriction enzyme. (B) Mating between an E.
coli donor and the S. lividans recipient expressing the SalI RM system. The incoming single
strand plasmid molecule (transferred via Type IV secretion) becomes hemi-methylated by
SalI methyltransferase prior to becoming double stranded and thus is protected from cleavage
by SalI restriction enzyme.

Fig. 3. Conjugal DNA transfer and spread in S. lividans as detected by fluorescence
microscopy. Phase contrast (panel A) and fluorescent (panel B, merged eGFP and mCherry
channels) images of a mating between donor S. lividans TK23 (pLT303) (green) and recipient
S. lividans T7-mCherry (red) on R5 agar in the presence of thiostrepton. Plasmid pLT303 is
a pIJ101 derivative that includes the egfp gene cloned behind a thiostrepton-inducible
promoter (Thoma et al., 2016). Since transconjugant mycelia show fluorescence in both the
eGFP and mCherry channels, their color is a balance between the two signals (typically
ranging between orange to greenish-yellow). White arrows in panel B delineate a
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transconjugant mycelium. Photographs are courtesy of Lina Thoma and Günther Muth.

Fig. 4. Model of conjugative DNA transfer and spread in Streptomyces spp. (A) Contact
between donor and recipient mycelia at the lateral walls induces production of the TraB
hexameric membrane pore (blue ovals) which binds its cognate plasmid at clt; (B) the
plasmid DNA is pumped in double-stranded form into the recipient using the energy
produced from ATP hydrolysis; (C) induction of TraB and multiple Spd proteins (red and
yellow triangles and green squares) occurs in the recipient and a TraB-Spd protein complex
becomes inserted into the septal crosswalls; (D) intramycelial translocation of plasmid
molecules occurs via the TraB-Spd multiprotein complex; (E) the plasmid has been spread to
a previously unoccupied adjacent recipient compartment. Spreading to additional
compartments can occur by the same mechanism. Additional details are provided in the text.
Although not shown, intermycelial transfer of chromosomal DNA by TraB can also occur
through interaction between TraB and clc loci.
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